Purpose Patients with type 1 diabetes mellitus exhibit impairments in autonomic and cardiovascular control which are worsened with acute hypoglycemia--thus increasing the risk of adverse cardiovascular events. Hypoxia, as seen with the common comorbidity of sleep apnea, may lead to further autonomic dysfunction and an increased risk of ventricular arrhythmias. Therefore, we hypothesized that heart rate variability (HRV) and baroreflex sensitivity (BRS) would be reduced during hypoglycemia in adults with type 1 diabetes, with a further decline when combined with hypoxia. Methods Subjects with type 1 diabetes (n = 13; HbA1c = 7.5 ± 0.3 %, duration of diabetes = 17 ± 5 yrs) completed two 180 min hyperinsulinemic (2 mU/kg TBW/min), hypoglycemic (*3.3 lmol/mL) clamps separated by a minimum of 1 week and randomized to normoxia (S p O 2 *98 %) or hypoxia (S p O 2 *85 %). Heart rate (electrocardiogram) and blood pressure (finger photoplethysmography) were analyzed at baseline and during the hypoglycemic clamp for measures of HRV and spontaneous cardiac BRS (sCBRS). Results Hypoglycemia resulted in significant reductions in HRV and sCBRS when compared with baseline levels (main effect of hypoglycemia: p \ 0.05). HRV and sCBRS were further impaired during hypoxia (main effect of hypoxia: p \ 0.05). Conclusions Acute hypoxia worsens hypoglycemia-mediated impairments in autonomic and cardiovascular control in patients with type 1 diabetes and may increase the risk of cardiovascular mortality. These results highlight the potential cumulative dangers of hypoglycemia and hypoxia in this vulnerable population.
Introduction
Patients with type 1 diabetes mellitus exhibit impairments in autonomic and cardiovascular control, including reduced baroreflex sensitivity (BRS) and heart rate variability (HRV) [16] . An attenuation of HRV--indicative of reduced vagal protection--is associated with sudden arrhythmic death and increased risk of mortality [14] . These reductions in autonomic and cardiovascular control in patients with type 1 diabetes mellitus are worsened with acute hypoglycemia [16] . Based on recent reports showing that a majority of patients with type 1 diabetes experience multiple hypoglycemic events each week [22] , patients with type 1 diabetes are at increased risk of hypoglycemiainduced cardiac arrhythmias and cardiovascular events [3, 27] .
Approximately 55 % of severe hypoglycemic episodes in patients with type 1 diabetes mellitus occur during sleep [11] and almost half of adults with type 1 diabetes exhibit sleep-disordered breathing [18] . These data support the presence of regular hypoglycemic and hypoxic events in patients with type 1 diabetes. Along these lines, exposure to hyperoxia can improve measures of BRS and HRV in patients with type 1 diabetes [4, 29] . Despite these indirect observations, the combined effect of hypoxia and hypoglycemia on measures of autonomic and cardiovascular control in patients with type 1 diabetes was previously unexamined. With these ideas in mind, we hypothesized that HRV and BRS would be reduced during steady-state hypoglycemia in patients with type 1 diabetes, with a further decline when combined with steady-state hypoxia.
Methods
Methods and data regarding BRS during normoxic hypoglycemia in patients with type 1 diabetes and related experimental methods have been published previously [16] .
Ethical approval
The Institutional Review Board at the Mayo Clinic approved all experiments and procedures and studies were performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments. Written informed consent was obtained from all subjects prior to enrollment.
Subjects
All subjects were diagnosed with type 1 diabetes (duration of diabetes [2 years), were non-smokers, and non-pregnant/breast feeding. Inclusion criteria included: HbA1c B10 %, creatinine B1.5 mg/dL, and insulin pump (n = 9) or multiple daily insulin injection (n = 4) therapies. Exclusion criteria included unstable diabetic retinopathy/nephropathy, a history of unstable macrovascular disease, seizure disorder, diagnosed autonomic disorder, and/or other chronic diseases. Four subjects were taking medication for hypertension (angiotensin-converting enzyme inhibitor). Research dieticians provided advice to subjects to ensure that body weight was maintained for 2 weeks prior to the study visits. Subjects refrained from exercise, alcohol, and caffeine for at least 24 h prior to the study visit.
Hypoglycemic clamps
Subjects were admitted to the Clinical Research Unit at 1700 h on the evening prior to the study. A standard meal (10 kcal/kg, 55 % carbohydrate, 30 % fat, 15 % protein) was eaten between 1800 and 1830 h and subjects fasted thereafter until the end of the study. Subjects were administered their customary dose of insulin according to their schedule for the evening meal. At 2030 h, the subjects had two intravenous catheters placed in the forearm for insulin infusion and plasma glucose monitoring. Intravenous insulin was started at 2100 h and the hospital protocol was followed overnight to maintain euglycemia. Those subjects on multiple daily injection regimen (n = 4) were provided 50 % of their nighttime basal insulin dose. For those using an insulin pump (n = 9), the pump was discontinued prior to starting intravenous insulin. At 0900 hour (T0) the following morning, the overnight variable insulin infusion was discontinued and a constant insulin infusion (Novolin Ò , Novo Nordisk Inc., Princeton NJ) was started at a rate of 2.0 mU/kg TBW/min from protocol time T0 to T180 min (Fig. 1) . Exogenous glucose (50 % dextrose) was infused during similar time points in amounts sufficient to maintain glucose concentrations at hypoglycemic levels (*3.3 lmol/mL).
Hypoxic procedure
Subjects visited the laboratory on two occasions: (1) normoxia visit and (2) hypoxia visit. Visits were randomized and subjects were blinded to the condition. During each visit, subjects wore a mask connected to a partial rebreathe system to effectively clamp end-tidal carbon dioxide levels [2] . Subjects were on the mask from 0900 hour (T0) until the end of the study (1200 noon; T180) ( Fig. 1) . On the normoxia day, subjects breathed medical air. On the hypoxia day, the level of inspired oxygen was titrated using an anesthesia gas blender to achieve an arterial oxygen saturation of *85 % [a level consistent with arterial oxygen saturations observed during sleep in patients with diabetes [21, 26] ].
Monitoring
Blood pressure was monitored using finger plethysmography (NexFin, BMEYE, Amsterdam, The Netherlands). Heart rate was monitored with a five-lead electrocardiogram (ECG; Cardiocap/5, Datex-Ohmeda) and respiration was assessed via capnography (Cardiocap/5, DatexOhmeda). A venous catheter was introduced in a retrograde fashion into a hand vein. The hand was placed in a heated plexiglass box (55°C) for sampling of arterialized venous blood. Plasma glucose was measured every 5-10 min at the bedside using a glucose oxidase method (Analox Instruments USA Inc., Lunenberg, Massachusetts). Additional arterialized venous blood samples were drawn during baseline euglycemia and throughout the hyperinsulinemic hypoglycemic clamp for measures of insulin. Baseline values are reported as an average of T-30, T-20, T-10, and T0 min samples and clamp values as an average of T150, 160, 170, and 180 min [31] (Fig. 1 ).
Spontaneous cardiac baroreflex sensitivity (sCBRS)
sCBRS was assessed from 60 min sections of data during euglycemia [T-60-T0 (baseline)] and steady-state hypoglycemia [T120-T180 (clamp)] (Fig. 1 ). Detailed methods were published previously [16] . Briefly, the distances between all R-wave peaks of the ECG recording were calculated and paired with the systolic pressure wave amplitude of the preceding beat. A computer software program (LabChart7, ADInstruments) selected all sequences of three or more successive heart beats in which there were concordant increases or decreases in systolic blood pressure and R-R interval. The recordings were reviewed and non-sinus beats and segments with artifacts were removed. A linear regression was manually applied to each of the sequences and only relationships with an R 2 [0.80 were accepted. An average regression slope was then calculated for the acceptable sequences. The slope represented the sCBRS (ms/mmHg). Responses were also evaluated by plotting the changes in systolic pressures with heart rate (beat/min/mmHg) to take into consideration the mathematical constraint of the hyperbolic relationship between R-R interval and heart rate.
Heart rate variability (HRV)
Following standard procedures recommended by the Task Force of the European Society of Cardiology and North American Society of Pacing and Electrophysiology [8] , short-term (*5 min) data selections from a five-lead ECG recording were analyzed during baseline [T-30-T0] and steady-state hypoglycemia [T150-T180] under both normoxic and hypoxic conditions (Fig. 1) . Physiologically stable conditions were confirmed by visual checks, ensuring only stationary segments were selected for analysis. A computer program (HRV Module, LabChart7, ADInstruments) was used to assess time domains, and HRV data were reported as: mean NN interval (time between normal cardiac cycles, reported in ms), RMSSD (root mean square of successive R-R interval differences, reported in ms), and SDNN (standard deviation of normal R-R intervals, reported in ms).
Data analysis and statistics
All statistical analyses were completed using SigmaStat 2.03 software (Systat Software Inc; San Jose, CA, USA). Two-way repeated measures analysis of variance was performed to compare the effect of time (baseline, clamp) and condition (normoxia, hypoxia) on primary outcome variables. Distributional assumptions were assessed and non-parametric methods were used as appropriate. Statistical significance was determined a priori at the a = 0.05 level. The number of subjects (n = 13) was selected a priori by a power test equation with a = 0.05 and power = 0.80, using differences in BRS from previously published research in patients with type 1 diabetes mellitus [32] . Furthermore, post hoc analysis showed 13 subjects provided 77 % power to detect a difference in BRS. Data are reported as mean ± standard error of the mean.
Results
Subjects 13 adults with type 1 diabetes (7 M/6 F) participated in the current study (Table 1) . On both visits, the hyperinsulinemic hypoglycemic clamp resulted in higher insulin concentrations (normoxia: 83 ± 14-1007 ± 125; hypoxia: 90 ± 14-979 ± 90 pmol/L) and lower glucose concentrations (normoxia: 8. 6.1 ± 0.6-3.3 ± 0.1 lmol/mL) as compared to baseline (main effect of time, p B 0.01). As designed, hypoxia resulted in a significant reduction in S p O 2 (97 ± 1-85 ± 1 %; Main effect of condition, p \ 0.01).
Hemodynamic response to hypoxic hypoglycemia
Diastolic and mean blood pressure did not change with hypoglycemia (main effect of time, p = 0.70 and p = 0.49, respectively). There was an increase in systolic blood pressure and heart rate with hypoglycemia (main effect of time, p = 0.05 and p \ 0.01, respectively).
Responses were not altered significantly with hypoxia (main effect of condition, p [ 0.05). See Table 2 .
Spontaneous cardiac baroreflex sensitivity (sCBRS)
One subject was excluded from analysis due to inability to achieve sufficient number of sequences; therefore, data are reported from n = 12. There was a significant reduction in sCBRS from baseline levels during steady-state hypoglycemia (main effect of time: ms/mmHg, p = 0.01; beat/ min/mmHg, p = 0.19). sCBRS was lower under hypoxic conditions when compared with normoxia (main effect of condition: ms/mmHg, p = 0.03; beat/min/mmHg, p = 0.05). See Fig. 2 .
Heart rate variability (HRV)
Mean NN interval was significantly reduced during hypoglycemia (main effect of time, p \ 0.01; interaction of time and condition, p = 0.02). RMSSD and SDNN were reduced during hypoglycemia, but only under hypoxic conditions (interaction of time and condition, p = 0.05 and p = 0.02, respectively). The reduction (D) in mean NN interval and SDNN was greater during hypoxia when compared with normoxia (p = 0.01 and p = 0.02, respectively). See Fig. 3 .
It is important to note that changes in HRV may be affected by changes in ventilation [8] . Changes in Heart rate (beat/min) Normoxia 63 ± 2 7 3 ± 3* Hypoxia 64 ± 2 8 0 ± 2* Data during normoxic hypoglycemia in patients with type 1 diabetes were published previously [15] Mean ± SE (n = 13) ventilation, however, are unlikely to influence the present findings because: (1) the ventilatory response to hypoxia in patients with type 1 diabetes is blunted [7, 13, 20, 33] , (2) a hypoxic ventilatory decline occurs with sustained hypoxemia [25] , and (3) measures of respiratory rate were not significantly different between baseline, normoxic hypoglycemia, and hypoxic hypoglycemia (n = 4; normoxia: 14 ± 1-15 ± 2 breath/min; hypoxia: 13 ± 1-15 ± 2 breath/min; effect of gas, p [ 0.05; interaction of gas and time, p [ 0.05).
Discussion
We have shown previously that impairments in autonomic and cardiovascular function in patients with type 1 diabetes are worsened with acute hypoglycemia [16] . Novel findings from the present study show that hypoglycemia-mediated impairments in autonomic and cardiovascular control are further worsened under conditions of hypoxia. These data highlight the cumulative dangers of hypoglycemia and hypoxia in this vulnerable population.
Impaired autonomic control in type 1 diabetes mellitus
Beat-to-beat variations in heart rate represent a fine-tuning of cardiovascular control mechanisms. Reduced HRV is indicative of impaired vagal control and altered sympathovagal balance and is an independent predictor of sudden arrhythmic death and cardiovascular mortality [14] . Measures of HRV have repeatedly been shown to be impaired in patients with type 1 diabetes [9, 15, 17, 32, 34] and recently our group found that these impairments were worsened during acute hypoglycemia [16] . Impairments in HRV, and specifically vagal tone, will increase the risk of ventricular arrhythmias and cardiovascular mortality in this clinical population [3, 27] . Baroreflex sensitivity (BRS)--the ability to sense and appropriately respond to fluctuations in blood pressure--may be considered a more sensitive measure of autonomic function when compared with HRV [10] and was also impaired both during euglycemia and acute hypoglycemia in patients with type 1 diabetes [16] . Taken together, patients with type 1 diabetes exhibit large impairments in autonomic and cardiovascular control during euglycemia that worsens during hypoglycemia--putting them at increased risk of cardiovascular mortality. This is especially concerning given recent reports show greater than 60 % of patients with type 1 diabetes experience one or more hypoglycemic events each week [22] .
Combined effect of hypoxia and hypoglycemia
As mentioned above, approximately 55 % of severe hypoglycemic episodes in patients with type 1 diabetes occur during sleep [11] and almost half of adults with type 1 diabetes have been shown to exhibit sleep-disordered breathing [18] . Interestingly, exposure to hyperoxia can improve measures of BRS and HRV in patients with type 1 diabetes [4, 29] . These data support the presence of regular hypoglycemic and hypoxic events in patients with type 1 diabetes, the potential for such events to contribute to impaired autonomic and cardiovascular control, and the beneficial effects of treating such impairments with supplemental oxygen. Despite these indirect observations, the combined effect of hypoxia and hypoglycemia on measures of autonomic and cardiovascular control in patients with type 1 diabetes has been previously unexamined.
Results from the present study show that impairments in baseline HRV [16] are worsened during hypoxia. More specifically, we observed a reduction in RMSSD, SDNN, and mean NN interval when hypoglycemia was combined with hypoxia [*85 % S p O 2 --a level consistent with arterial oxygen saturations observed during sleep in patients with diabetes [21, 26] ] (Fig. 3) . Measures of dispersion of normal R-R intervals, such as RMSSD or SDNN, provide insight into the balance between sympathetic and parasympathetic branches of the autonomic nervous system, such that a reduction in RMSSD may be indicative of a reduction in parasympathetic activity and vagal control of heart rate [8] . Further, a fall in SDNN and mean NN interval is consistent with impaired sympathetic and parasympathetic modulation [8] and highlights the potential risk of combined hypoglycemia and hypoxia on normal cardiac function.
In addition to impairments in HRV, hypoglycemiamediated impairments scBRS were further worsened under conditions of hypoxia (Fig. 2) . Activation of the carotid chemoreceptors is known to reduce baroreflex sensitivity and/or shift the baroreflex stimulus-response curve [6, 12, 19] . Given that both hypoglycemia and hypoxia may act at the level of the carotid chemoreceptors to alter afferent activity [23] , it is reasonable to propose improving chronic activity of the carotid chemoreceptors in patients with type 1 diabetes--through improved glycemic control, a reduction in the number of apneic events, and/or treatment for chronic hypoxemiamight lower the risk of ventricular arrhythmias and cardiovascular mortality.
The observed reductions in measures of cardiac and autonomic control may be the result of chronic sympathoadrenal dysfunction and the inability to appropriately respond to changes in systemic glucose concentrations in type 1 diabetes. In addition to chronic impairments in sympathoadrenal function with type 1 diabetes, both hypoxia and hypoglycemia contribute to a reduction in metabolic substrate and metabolic depression of neuronal function. Along these lines, hypoglycemia results in a reduction in nerve action potential and velocity that is more pronounced in nerves exposed to hypoxia [28] . In addition, diabetes increases the potential for loss of synaptic function and axonal conduction when hypoxia is combined with hypoglycemia [30] . Such impairments likely contribute to the loss of integrity of motor descending pathways and/or the transfer of afferent information from peripheral sensors.
Experimental considerations
Although much of the rationale for the present study was based on the high prevalence of both hypoglycemic events and sleep-disordered breathing in patients with type 1 diabetes, it is important to note there are a number of differences between repeated acute hypoxic challenges (e.g., apneic events) and more long-term exposures (e.g., *3 h of experimental hypoxia), in addition to acute and more prolonged hypoglycemic events. Given this is the first study of its kind examining combined hypoglycemia and hypoxia, it was important to first assess responses to changes in the steady state. However, future studies should consider the effects of intermittent exposures, in addition to the potential for circadian changes in glucose levels and chemoreceptor activation, and the impact of prolonged chemoreceptor excitation following nocturnal apneic events. It is also important to note that 4 of the 13 subjects (*30 %) were taking blood pressure medications. Importantly, significant differences in the main outcome variables between medicated and non-medicated individuals were not observed. Furthermore, *30 % of patients with type 1 diabetes are on anti-hypertensive medications [1] , and thus the inclusion of such patient groups is clinically relevant.
Clinical implications
Intensive glycemic control increases the risk of hypoglycemia and thus the risk of ventricular arrhythmias and cardiovascular mortality in patients with type 1 diabetes [3, 27] . Additionally, the effect of hypoglycemia on cardiac dysfunction is worsened in patients exhibiting additional cardiovascular disease risk factors (sleep apnea, chronic respiratory disease, etc.) [5] . Our results suggest that some of the observed cardiovascular risk in patients with diabetes may be the result of the combined effects of hypoglycemia and hypoxia on cardiac autonomic function. Although the present study did not include healthy controls, recent data suggests arrhythmic events that may be well tolerated by young healthy individuals could be clinically relevant in patients with diabetes [5] . Consistent with this idea, type 1 diabetes is also associated with an increased risk of sudden cardiac death [3] and present data support the idea that the combined effect of hypoglycemia and hypoxia may also contribute to cardiorespiratory failure and sudden nocturnal cardiac death [24] .
Conclusions
When hypoglycemia is combined with systemic hypoxia, any hypoglycemia-mediated impairment in the measures of cardiovascular and autonomic function is worsened in adults with type 1 diabetes. These results highlight the cumulative dangers of poorly controlled diabetes and chronic hypoxia, and the importance of therapies directed toward improving glycemic control, reducing apneic events, and/or treating chronic hypoxemia in this clinical population.
